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HARD-DRAWN STEEL WIRE FOR SPRING 
EXCELLENT IN FATIGUE STRENGTH AND SAG RESISTANCE, AND 
SPRINGS MADE OF HARD-DRAWN WIRE 



TECHNICAL FIELD 
The present invention relates to a steel wire for worked springs which is useful as a 
material subjected to severe cold drawing, and a spring produced using the steel wire. In 
particular, the present invention relates to a steel wire allowing springs made of hard-drawn 
wire to exhibit excellent fatigue strength cuid sag resistance even without subjecting a drawn 
wire to quenching and tempering treatments, and a spring made of hard-drawn wire capable of 
exhibiting such properties. 

BACKGROUND ART 

With a demand for weight reduction and power enhancement in automobiles or the like, 
valve springs for use in engine, suspension springs or the like have been designed for 
high-stress use. Further, in relation with increase in load stresses acting on springs, there is 
also the need for springs having enhanced fatigue strength and sag resistance. 

Recently, it has been a custom that most valve springs or suspension springs are produced 
by subjecting a quenched and tempered steel wire, so-called "oil-tempered wire", to a coiling 
process at room temperature. 

Since the aforementioned oil-tempered wire has a tempered martensite structure, it has 
advantages of conveniently providing high strength and exhibiting excellent fatigue strength 
and sag resistance. However, it involves a problematic requirement of a large-scale facility 
and a high process cost associated with heat treatments, such as quenching and tempering 
treatments. 

Some of springs designed to have a relatively low upper limit on load stresses is 
produced by drawing carbon steel with a ferrite-pearlite structure or a pearlite structure to 
obtain a wire having enhanced strength (so called "hard-drawn wire"), and by coiling the 
hard-dwawn wire at room temperature. According to the JIS, such a spring is defined as 
"Piano Wire SWP-V", particularly "for valve springs or springs similar thereto", in JIS G 3522 
"Piano Wires". 

Springs made of the hard-drawn wire as above (hereinafter, referred to as "hard-drawn 
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spring") are advantageously obtained at a low cost because of no need for heat treatments. 
However, since those conventional hard-drawn wires provide only hard-drawn springs with 
low fatigue strength and sag resistance, they cannot provide for high-stress springs which are 
increasingly required in recent years. 

There also have been studied various techniques for providing hard-drawn springs for 
high-stress use in light of the advantage of low-cost production. For example, Japanese 
Unexamined Patent Publication No. 11-199981 proposes an exemplified method for obtaining 
cementite of a specific configuration by performing a wire drawing process to pearlite in 
eutectoid-hypereutectoid steel, which is usable as "a piano wire having properties equivalent to 
an oil-tempered wire". However, this method inevitably involves increase in production cost 
due to complicated process, such as changing of drawing direction which is additionally 
required. 

In view of the above, an object of the present invention is to provide a steel wire used for 
producing hard-drawn springs capable of exhibiting fatigue strength and sag resistance 
equivalent or superior to springs produced using an oil-tempered wire, and a hjird-drawn 
spring produced using such a steel wire. 

DISCLOSURE OF THE INVENTION 
An inventive hard-drawn steel wire for spring that has accomplished the above 
object contains C: 0.5-0.7mass% (hereinafter, referred to as %), Si: 1.0-1.95%, Mn: 0.5-1.5%, 
and Cr: 0.5-1.5%, the balance being essentially Fe and inevitable impurities, and contains 5 
particles/lOQiWm^ or less of carbides whose circle-equivalent diameters 2U*e 0.1 fim or more. 

It is effective for the above steel wire further to contain (a) 0.05-0.5% of Ni, and/or (b) 
0.3% or less (excluding 0%) of Mo. 

The above steel wire can be subjected to a (spring) coiling process to provide a 
hard-drawn spring capable of exhibiting excellent fatigue strength and sag resistance. 

In this hard-drawn spring, given that a residual stress on an inner surface of the spring is 
(R+), and a residual stress on an outer surface of the spring is (R_), a difference between (R+) 
and (R_), [(R+) - (R.)], is preferably set at 500 MPa or less. 

The hard-drawn spring of the present invention is preferably produced or designed to 
meet one or more of the following requirements (1) to (5). 

(1) The spring has a surface subjected to a shot peening treatment two times or more. 

(2) Given that a residual stress on an inner surface subjected to the shot peening treatment 
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is (Rs+), and a residual stress on an outer surface subjected to the shot peening treatment is 
(Rs^), a difference between (Rs-) and (Rs+), [(Rs+) - (Rs-)], is set at 300 MPa or less. 

(3) The spring has a surface with a maximum roughness height, Ry, of 10 fxm or less. 

(4) The spring has a surface subjected to a nitriding treatment. 

(5) Given that a coil diameter of the spring is D, and a wire diameter of the spring is d, 
the ratio of D/d is set at 9.0 or less. 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIG 1 is a graph showing the relationship between the number of carbides and the tensile 

strength (after wire drawing). 

FIG 2 is a graph showing the relationship between the number of carbides and the 

residual shear strain. 

FIG 3 is a graph showing the relationship between the number of carbides and the fatigue 

life. 

BEST MODE FOR CARRYING OUT THE INVENTION 

In order to attain a hard-drawn steel wire capable of achieving the above object, the 
inventors made extensive study and researches from various angles. Through such study and 
researches, the inventors had a conception that the fatigue strength and sag resistance of a 
hard-drawn spring can be improved by strictly defining the chemical composition of a steel 
wire and adequately controlling the morphology of carbides in the steel wire. That is, it was 
proved that a relatively large precipitate (carbide) formed after a patenting treatment causes not 
only difficulties in obtaining an intended drawing but also deterioration in fatigue strength and 
sag resistance. More specifically, it was found that the fatigue strength and sag resistance can 
be drastically improved by controlling the number of carbides having circle-equivalent 
diameters of 0.1 fim or more to be 5 particles or less per 100 firr^ in sectional view. Based on 
the above knowledge, the inventors have accomplished the present invention. 

As used in the specification, the term "carbide" means a carbide in particle form, existing 
as a precipitate, but not includes any cementite phase. The term "circle-equivalent diameter" 
means a diameter of a hypothetical circle having the same area as that of a carbide. 

The steel wire of the present invention is required to adequately regulate its chemical 
composition. The range of the chemical composition is defined by the following reasons. 

C: 0.5 to 0.7% 
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Carbon, C, is an element useful for providing enhanced tensile strength in a drawn wire 
and securing a certain fatigue strength and sag resistance in a hard-drawn spring. While the 
conventional piano wires contains about 0.8% of C, the upper limit of C in a high-strength 
drawn wire as a target of the present invention is set at 0.7%, because a C content of greater 
than 0.7% is liable to fracture in performing some works and cause the occurrence of cracks 
due to surface flaws or inclusions to result in deteriorated fatigue life. However, an 
excessively reduced C content causes not only difficulties in securing a certain tensile strength 
required for high-stress springs but also deterioration in fatigue strength and sag resistance. 
Thus, the C content is required to be set at 0.5% or more. Preferably, the lower limit of C is 
0.63%, and the upper limit of C is 0.68%. 

Si: 1.0 to 1.95% 

Silicon, Si, is an essential element as a deoxidizing agent during steel making. In 
addition, Si acts as a solid solution in ferrite to provide enhanced temper softening resistance 
and sag resistance. It is necessary to contain 1.0% or more to obtain these effects. However, 
an excessive Si content of greater than 1.95% causes deterioration not only in toughness or 
ductility but also in fatigue resistance due to increase of decarbonization or flaws in a surface 
part of the wire. Preferably, the lower limit of Si is about 1,2%, and the upper limit of Si is 
about 1.6%. 

Mn: 0.5 to 1.5% 

Manganese, Mn, is an element effective for deoxidation during steel making, and an 
element to make pearlite in fine and orderly arrange, and to contribute to improvement in 
fatigue properties. It is necessary to contain at least 0.5% of Mn to obtain these effects. 
However, an excessive Mn content is liable to form a supercooled structure, such as bainite, 
during a hot-rolling process or a patenting treatment, so as to cause deterioration in drawing 
performance. Thus, the Mn content is required to be set at 1.5% or lower. Preferably, the 
lower limit of Mn is about 0.6%, and the upper limit of Mn is about 1.0%. 

Cr: 0.5 to 1.5% 

Chromium, Cr, is an element useful in narrowing pearlite lamellar spacing, in increasing 
strength after a rolling process or a heat treatment, and in improving sag resistance. It is 
necessary to contain at least 0.5% of Cr to obtain these effects. However, an excessive Cr 
content is liable to form a bainite structure during a patenting treatment and to precipitate a 
large carbide so as to cause deterioration in .fatigue strength and sag resistance. Thus, the Cr 
content is required to be set at 1.5% or lower. Preferably, the lower limit of Cr is about 0.7%, 
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and the upper limit of Cr is about 1.0 %. 

The steel wire of the present invention has a fundamental chemical composition as 
mentioned above, and the balance being essentially Fe. Further, a given amount of Ni or Mo 
may be effectively contained according to need. Each of these elements is contained in a 
specific range by the following reasons. 

Ni: 0.05 to 0.5% 

Nickel, Ni, is an element effective in provide enhanced hardenability and toughness to 
suppress breakage troubles during a coiling process and provide enhanced fatigue strength. 
These effects are preferably obtained by adding Ni at 0,05% or more. However, an excessive 
Ni content leads to form a bainite structure during a hot-rolling process or a patenting 
treatment so as to cause significant deterioration in drawing performance. Thus, the upper 
limit of Ni is preferably set at 0.5%. 

Mo: 0.3% or less (excluding 0%) 

Molybdenum, Mo, is an element effective in securing heurdenability and providing 
enhanced softening resistance to obtain enhanced sag resistance. While these effects are 
enhanced as a Mo content is increased, an excessive Mo content causes an undesirably 
extended process time of a patenting treatment and deterioration in ductility. Thus, the upper 
limit of Mo is preferably set at 0.3%. 

The steel wire of the present invention may further contain a slight amount of one or 
more additional components other than the aforementioned components to the extent that the 
additional components have no adverse affect on fundamental properties of the steel wire, and 
it is intended that the steel wire containing such additional components is encompassed within 
the scope of the present invention. The additional component contained at a slight amount 
may include impurities, particularly inevitable impurities, such as phosphorus, sulfur, arsenic, 
antimony or tin. 

In the steel wire of the present invention, it is also a critical requirement that the number 
of carbides having circle-equivalent diameters of 0.1 jum or more is 5 particles or less per 100 
jum^, as mentioned above. Among some kinds of C2u*bides (such as FesC) to be observed after 
a patenting treatment, carbides having relatively small sizes will effectively provide increased 
strength based on precipitation hardening. On the other hand, if large size precipitate have 
been formed, a part of carbons in the matrix will be taken by these carbides, or the amount of 
the carbons originally contained in the matrix will be reduced. The inventors have foimd that 
the amount of the carbons in the matrix has a strong impact on the increase in strength after a 
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patenting treatment or a drawing process, and the decrecise of the C amount in the matrix 
causes difficulties in obtain an intended strength after a patenting treatment or a drawing 
process which leads to deterioration in fatigue strength and sag resistance. 

Then, through the researches on the influences of the carbide morphology onto fatigue 
strength and sag resistance, the inventors verified that if large carbides whose sizes 
(circle-equivalent diameters) are 0.1 fim or more exist in a number of greater than 5 particles 
per 100 fxnP' in an observational field of view, the fatigue strength and sag resistance will be 
significantly deteriorated. 

In order to control the carbide morphology in the steel wire of the present invention as 
above, it is effective that setting a heating temperature for a hot-rolling process at 1100*^0 or 
more to facilitate dissolution of the carbides, and that, after completion of the rolling process, 
cooling the steel wire as quickly as possible at a cooling rate of 5**C/sec or higher in a 
temperature range of 400 to 600''C which is a carbide precipitation zone. However, an 
excessive cooling rate forms bainite to cause deterioration in workability. Thus, the upper 
limit of the cooling rate is preferably set at 10°C/sec. 

Further, during a patenting treatment, the precipitation of carbides can be reduced by 
controlling a heating temperature for the patenting treatment in the range of 880 to 950°C, 
preferably about 900 to 940°C. If the heating temperature for the patenting treatment is 
greater than 950''C, austenite grains will be coarsed to reversely cause deterioration in 
toughness and ductility, and the coarsed austenite grains will increase the hardenability so as to 
form a supercooled structure. In order to facilitate dissolution of undissolved carbides, it is 
recommended to heat the steel wire at a given temperature for a holding time of 50 seconds or 
longer. 

The aforementioned steel wire of the present invention is subjected to a drawing process 
and a coiling process to obtain a spring (heu-d-drawn spring) exhibiting desired properties. In 
the hard-drawn spring of the present invention, it was verified that further enhanced fatigue 
strength can be achieved by controlling the difference between the respective residual stresses 
on inner and outer sides of the spring after a spring-forming process (coiling process), 
hereinafter referred to occasionally as "residual stress difference" for brevity, within 500 MPa. 

The above requirement is defined by the following reasons. A residual stress to be 
given through the spring-forming process (coiling process) is evenly balanced between the 
inner and outer sides of the spring. Thus, if the residual stress difference after the coiling 
process has a larger value, the tensile residual stress on the inner side will be increased with the 
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difference. The increased tensile residual stress will accelerate the occurrence and growth of 
fatigue cracks to cause deterioration in fatigue strength. Moreover, a compressive residual 
stress to be given through a shot peening will be reduced. 

Based on the above knowledge, through studies on the relationship between the residual 
stress difference in inner and outer sides of the spring, [(R+) - (R-)], and fatigue strength, the 
inventors verified that the fatigue strength can be significantly improved by setting the 
difference at 500 MPa or less. 

Generally, after the spring-forming process, a residual stress in the tensile direction 
(tensile residual stress) is generated on the inner side of the spring. In contrast, on the outer 
side of the spring, there are two cases depending on production conditions of the spring: one 
case where a tensile residual stress is generated, and another case where a residual stress in the 
compression direction (compressive residual stress) is generated. Thus, it is required to 
measure the residual stress difference in the present invention while taking account of this 
point. More specifically, in cased where inner and outer surfaces of the spring have tensile 
residual stresses, the difference between the stresses may be simply measured. If the residual 
stress of the outer surface of the spring, (R_), is a compressive residual stress, the residual 
stress difference will be derived through a subtraction using the compressive residual stress 
converted into a minus value. For example, given that a tensile residual stress of an inner 
surface of the spring is 150 MPa, and a compressive residual stress of an outer surface of the 
spring is 50 MPa, the residual stress difference, [(R+) - (R-)], is derived as follows: (150) - (- 
50) = 200 MPa. 

As above, in the present invention, the difference between the respective residual stresses 
on the inner and outer sides of the spring after the coiling process is set at 500 MPa or less to 
obtain enhanced fatigue strength of the hard-drawn spring. In this approach, the residual 
stress difference is used as an index for evaluating fatigue strength by the following reasons. 
A stress (shear stress) on a spring does not act on the inner and outer sides of the spring evenly, 
but a stress on the inner side of the spring becomes greater than that on the outer side of the 
spring. For example, when a ratio of a coil diameter of a spring, D, to a wire diameter of the 
spring, d, (D/d: hereinafter referred to as "spring index") is in the range of 2.0 to 9.0, a Wahl 
correction factor Ai expressed by the following formula (1) is in the range of 1.16 to 2.06, then 
the corrected stress is 1.16 to 2.06 times as great as the original stress (see, for example, 
"Spring", Japan Society for Spring Research, published by Maruzen). 
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Ai = [(4c - 1) / (4c - 4)] + [0.615 / c] , 
where c is a spring index (D/d). 



(1) 



On the other hand, a correction factor for the outer side of the spring, A2, is expressed by 
the following formula (2). According to this formula, when a spring index is 2.0, the 
corrected stress acting on the outer side of the spring is 0.443 times of that acting on the inner 
side of the spring. 

A2 = [(4c + 1) / (4c -h 4)] + [0.615 / c] , (2) 

wherein c is a spring index (D / d). 

Thus, a larger shear stress acts on the inner of the spring, and a higher tensile residual 
stress accelerates deterioration in spring characteristics. Based on only the above viewpoint, 
a residual stress on an inner side of the spring would be able to be specified. However, it is 
actually difficult to specify the residual stress, because the surface of the spring still has a 
tensile residual stress thereon after drawing, and the tensile residual stress is varied depending 
on drawing conditions and material properties of the steel wire, so that the tensile residual 
stress is changed by these additive effects even after coiling. Therefore, in the present 
invention, the difference between the respective residual stresses on the inner and outer sides 
of the spring is specified and used as the index of fatigue strength. 

For example, a stress relief annealing temperature after coiling may be controlled at 
400**C or more as the condition for setting the residual stress difference at 500 MPa or less. If 
the conventional piano wires are subjected to a stress relief annealing treatment at a 
temperature of 400''C or more, the strength of the wire will be decreased to cause deterioration 
in fatigue strength and sag resistance. In contrast, the steel wire containing a large amount of 
Si effective in obtaining an excellent result on heat resistance is used as the material of the 
hard-drawn spring of the present invention. Thus, even if the spring is subjected to the stress 
relief annealing treatment at a temperature of 400*^C or more, strain caused by a coiling process 
can be removed without substantial deterioration in strength. 

The effects in the hard-drawn spring of the present invention can be effectively brought 
out by subjecting the surface of the spring to a shot peening treatment two times or more. 
Typically, valve springs and similar high-stress springs are used after a compressive residual 
stress is given to the surface layer of the spring through a shot peening treatment. The shot 



8 



peening treatment is an effective means by shooting hard balls (shot particles) with high-grade 
hardness onto a surface of a workpiece at a high speed to give a compressive residual stress to 
the surface for suppressing the occurrence of surface cracks to provide enhanced fatigue 
strength. 

In addition, the above shot peening treatment is effective in giving a compressive residual 
stress in the surface of a spring to suppress the growth of fatigue cracks. Springs to be 
subjected to the shot peening treatment require a high compressive residual stress because they 
are used, particularly, under high-stress conditions. Thus, the residual stress difference as 
above has to be further strictly managed. In view of this need, it is preferable to set the above 
residual stress difference material at 300 MPa or less. 

A large surface roughness of the spring is liable to cause an occurrence of a fatigue 
failure. In view of providing enhanced fatigue strength, it is preferable to set the surface 
roughness, Ry, (maximum height, see JIS B 0601) of the spring at 10 ^m or less. For 
example, when the subjected to a high-intensity shot peening treatment two times or more as 
mentioned above, the surface has a larger surface roughness due to deformation thereof in 
some cases. Particularly, in some materials, such as hard-dawned wires, the weakest part of 
ferrite is largely deformed to cause deterioration in surface roughness. While means for 
adjusting the surface roughness in the above manner is not limited to a specific technique, the 
conditions of the shot peening treatment may be appropriately controlled to achieve such a 
surface roughness. 

In consideration with the control of the above surface toughness Ry, desirable conditions 
of the shot peening may be set as follows. A first-stage shot peening treatment is performed 
using shot particles having a particle size of 1.0 to 0.3 mm, at a particle speed of 30 to 100 m / 
sec, for a shooting time of 20 to 200 minutes. Preferable, the hardness of shot particles is a 
Vickers hardness (Hv) of 500 or more. 

Then, a second-stage shot preening treatment is performed using shot particles having a 
smaller particle size than that in the first-stage. Preferably, this particle size is 1 / 10 or less 
of that in the first-stage. A shooting time in the second stage is set at about 10 to 200 minutes. 
Through the second-stage shot peening treatment, the surface roughness can be decreased, and 
the compressive residual stress of the surface can be increased to provide further enhanced 
fatigue strength. The inventors verified that as compared to the oil-tempered wire subjected 
to quenching and tempering treatments, the effect of the second-stage shot peening treatment is 
more effectively exhibited in the hard-drawn spring. 
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If it is assumed that the hard-drawn spring of the present invention will be used under 
particularly severe stress conditions, the surface of the spring may be effectively subjected to a 
nitriding treatment. The nitriding treatment can further improve the fatigue strength. While 
such a nitriding treatment has heretofore been applied to valve springs produced using the 
oil-tempered wire, it has not been implemented in the hard-drawn spring at all. That is, it has 
been believed that, in view of the chemical composition of the conventional hard-drawn wire, 
any significant effect cannot be expected even if the conventional hard-drawn wire is subjected 
to a nitriding treatment, and that strain introduced during a drawing process is undesirably 
released through the nitriding treatment to cause significant deterioration in strength of the 
spring. 

By contrast, when a steel wire having a chemical composition defined in the present 
invention is subjected to the nitriding treatment after a drawing process, the fatigue strength of 
the spring can be further improved. The reason for such effectiveness can be explained as 
follows. The strength of the steel wire for use in the present invention depends on the 
strength of ferrite itself, which is strengthened by some alloy elements, such as Si or Cr. 
Thus, the increase in strength of the ferrite through the nitriding treatment can lead directly to 
improvement in fatigue strength. While the surface of the spring produced through a 
nitriding treatment preferably has a Vickers hardness (HV) of 600 or larger, more preferably 
700 or larger, at a depth of 0.02 mm, it may has a HV of about 500 to 600 depending on a 
required fatigue strength. 

The nitriding treatment is not limited to a specific process, but any suitable processes, 
such as a gas nitriding process, a liquid (salt-bath) nitriding process or an ion nitriding process, 
may be used. For example, the gas nitriding treatment is preferably performed under an 
atmosphere of 100 % anmionia gas, or an atmosphere containing ammonia gas as a primary 
gas, 50% or less of nitrogen gas and 10% or less of carbon dioxide gas, at 350 to 470''C, for 1 
to 6 hours. 

The effects of the present invention are further effectively exhibited when applied to a 
small coil diameter spring having a spring index (D/d) of 9.0 or less. In a spring, the (D/d) 
indicates the index of the spring. The spring having the ratio (D/d) falling within the above 
range indicates a large difference between the respective stresses on the inner and outer sides 
of the spring in obtaining a desired load response, and a high stress acts on the iimer side of the 
spring. Even under such a high-stress use condition, the spring of the present invention can 
adequately keep its functions. The ratio (D/d) is smaller, this effect is exhibited more clearly. 
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However, less than 2.0 of the ratio (D/d) causes difficulties in obtaining the effect of the 
surface treatment, such as a shot peening treatment. Thus, the lower limit of the ratio (D/d) is 
preferably set at 2.0. 

EXAMPLES 

The present invention will be described in more detail below in connection with various 
examples. The present invention is not limited by the following examples, but it is intended 
that all modifications to be made according to the context are encompassed within the scope of 
the present invention. 

Example 1 

Steels (A to K) having chemical compositions as shown in the following Table 1 were 
melt, poured into a mold, and hot-rolled to prepare wire rods having a diameter (wire diameter) 
of 8,0 mm. The hot rolling was performed under the following conditions. Heating 
temperature: IISO^'C, cooling rate after rolling: 6.3°C / sec. Then, shaving, patenting, and 
wire drawing were performed to form steel wires having a wire diameter of 3.1 mm. 
Patenting was performed by at an austenitizing temperature as shown in Table 2, and then 
isothermally transformed in a lead bath at 550 to 650*'C depending on each kind of steels. An 
austenitizing time for the patenting treatment was set at 130 sec for No. 2, at 100 sec for No. 3 
and at 240 sec for the remaining steels in Table 2, to regulate the amount of carbides. 



Table 1 



Kind of 
Steel 


Chemical Composition (mass%) 


C 


Si 


Mn 


Cr 


Ni 


Mo 


A 


0.65 


1.45 


0.82 


0.85 






B 


0.53 


1.53 


0.75 


1.00 






C 


0.65 


1.91 


0.90 


0.64 






D 


0.61 


1.36 


0.59 


1.45 






E 


0.82 


0.25 


0.71 








F 


0.92 


0.25 


0.75 








*G 


0.80 


1.90 


0.85 


0.85 






H 


0.45 


1.41 


0.72 


0.69 






I 


0.62 


1.35 


0.79 


1.68 






J 


0.60 


1.51 


0.83 


0.92 


0.21 




K 


0.55 


1.47 


0.78 


0.82 


0.23 


0.18 
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Steel E is equivalent to JIS-SWP-V. 



For each of the obtained steel wires (drawn wires), the size and the number of carbides 
were measured. This measurement was performed by sampling the cross-section of the steel 
wires, taking a picture at a position of D / 4 (D: diameter) using a scanning electron 
microscope (SEM) in a magnification of 5000 times, and counting the number of carbides who 
have a circle-equivalent diameter of 0.1 jum or more in 100 jum^ of the obtained photographs. 
Further, tensile strengths, TS, after the drawing were measured. 

The drawn wires were formed into springs at room temperature, and subjected to stress 
relief annealing (400'*C x 20 minutes), seat position grinding, dual stage shot peening, low 
temperature annealing (230®C x 20 minutes), and presetting. Also, tensile strength, TS, after 
tempering, which is equivalent to the stress relief annealing treatment, was measured. A part 
(No. 3 in Table 2) of the steels was subjected to a nitriding treatment under the following 
conditions: 80% of NH3 + 20% of N2; 400*^0 x 2 hours. 

Each of the obtained springs was subjected to a fatigue test under a load stress of 588 ± 
441 MPa to measure a fracture life. Further, each of the spring was clamped at 120*^0 under a 
stress of 1000 MPa for 48 hours, and then residual shear strain in the spring was measured and 
used as an index of sag resistance (a smaller residual shear strain means a better sag 
resistance). 

These results are shown in Table 2 together with the production condition (heating 
temperature for the patenting treatment), the tensile strength, TS, of the steel wires (after the 
drawing, and after the stress relief annealing treatment), the number of carbides, the surface 
roughness, Ry, and with nitriding treatment or not. Further, based on these results, the 
relationship between the number of carbides and the tensile strength (after the drawing) is 
shown in FIG 1. The relationship between the number of carbides and the residual shear 
strain is shown in FIG 2, and the relationship between the number of carbides and the fatigue 
life is shown in FIG 3 respectively. 
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Table 2 



No. 


Kind 
of 

Steel 


Austenitizing 
Tempgratiire 
for Patenting 
(•C) 


Tensile Streng 


Ih TS (MPa) 


Number of 
Carbides 

(particles/ 
100 fiat') 


Surface 

Roughness 

Ry 


Nitiiding 


Residual 
Shear Strain 

fx i(r*> 


Fatigue Life 
fx lO^cvclesl 


After 
Drawing 


AAer Stress 

relief 

annealing 


1 


A 


930 


1915 


1911 


0 


9.8 


NOT 


4.2 


10.1 


2 


A 


900 


1881 


1901 


2 


6.7 


NOT 


5.3 


8.7 


3 


A 


890 


1853 


1898 


5 


8.4 


WITH 


3.7 


15.8 


4 


A 


940 


1944 


1941 


0 


12.4 


NOT 


4.8 


5.3 


5 


B 


920 


1938 


1870 


1 


5.5 


NOT 


3.1 


9.1 


6 


C 


930 


1955 


2054 


0 


7.9 


NOT 


1.9 


11.5 


7 


D 


950 


1910 


1874 


0 


9.2 


NOT 


2.2 


10.7 


8 


A 


870 


1843 


1732 


8 


8.6 


NOT 


11.1 


3.1 


9 


E 


910 


1770 


1668 


0 


5.8 


NOT 


10.1 


2.5 


10 


F 


950 


1953 


1742 


0 


8.3 


NOT 


12.8 


0.9 


11 


G 


940 


1831 


1845 


0 


7.3 


NOT 


9.5 


4.6 


12 


H 


880 


1743 


1652 


0 


9.8 


NOT 


12.5 


1.0 


13 


I 


920 


1733 


1796 


12 


8.3 


NOT 


10.8 


2.9 


14 


J 


900 


1921 


1953 


0 


7.2 


NOT 


3.5 


10.4 


15 


K 


930 


1967 


1999 


0 


8.3 


NOT 


2.7 


12.6 



In view of these results, the following points can be found out. Firstly, each of Nos. 1 to 
7, 14 and 15 meets the requirements of the present invention, and exhibits excellent fatigue 
strength and sag resistance. In particular, it is verified that excellent properties are exhibited 
by setting the number of carbides with a given size at 5 particles/100 jum^ or less. 

In contrast, each of Nos. 8 to 12 lacks at least any one of the requirements of the present 
invention, and thereby has some poor properties. Specifically, while No. 8 has the same 
chemical composition as that of Nos. 1 to 4, it has a lower heating temperature for the 
patenting treatment. The resulting increased amount of carbide precipitation causes 
difficulties in securing a sufficient strength after the drawing, resulting in a short fatigue life 
and a large residual shear strain. 

While No. 9 is equivalent to JIS-SWP-V (piano wire), it contains a larger amount of C. 
The large content of C causes breakage triggered by inclusions in an early stage, resulting in a 
short fatigue life. Further, a smaller amount of Si leads to poor temper softening resistance, 
and no content of Cr causes a large residual shear strain. 

Similarly, No. 10 containing a larger amount of C than that of No. 9 has breakage by 
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inclusions in an early stage, resulting in a shorter fatigue life. Further, a smaller amount of Si 
leads to poor temper softening resistance, and no content of Cr causes a large residual shear 
strain. 

No. 11 containing a larger amount of C also has breakage by inclusions in an early stage, 
resulting in a shorter fatigue life. 

No. 12 containing a small amount of C has a deteriorated strength after the patenting 
treatment, and an insufficient strength after the drawings, resulting in a short fatigue life and a 
large residual shear strain. 

In No. 13 containing a large amount of Cr, carbides act as a solid solution in the matrix 
during the patenting treatment, resulting in a short fatigue life and a significantly deteriorated 
sag resistance. 

Example 2 

Steels (L to U) having chemical compositions as shown in the following Table 3 were 
melt, poured into a mold, and hot-rolled to prepare wire rods having a diameter (wire diameter) 
of 8.0 mm. Then, shaving, patenting, and wire drawing Were performed to form steel wires 
having a wire diameter of 3.1 mm. Patenting was performed at the austenitizing temperature 
of 910°C, and then the wires were isothermally transformed in a lead bath at 550 to 650°C 
depending on each kind of steels. An austenitizing time for the patenting treatment was set at 
300 sec for Nos. 20 and 31, at 30 sec for No. 30 and at 120 sec for the remaining steels in 
Tables 5 and 6, to regulate the amount of carbides. 
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Table 3 



Kind of 
Steel 


Chemical Composition (mass%) 


Q 


Si 


Mn 


Ct 


Ni 


Mn 


L 


0.65 


1.51 


0.77 


0.82 






M 


0.58 


1.45 


0.79 


0.75 


— 


— 


N 


0.51 


1.49 


0.75 


1.15 





— 


o 


0.66 


1.97 


0.93 


0.62 


— 


— 


p 


0.61 


1.33 


0.55 


1.45 


— 


_ 


o 


0.92 


0.25 


0.75 








R 


0.45 


1.41 


0.72 


0.69 






S 


0.62 


1.35 


0.79 


1.68 






T 


0.64 


1.47 


0.81 


0.97 


0.31 




U 


0.61 


1.53 


0.70 


0.85 


0.18 


0.21 



Among the obtained steel wires (drawn wires), the steel wired of Steels L, M and N were 
formed into springs (spring index: 6.81), and subjected to stress relief annealing (350, 380, 
410°C X 20 minutes), seat position grinding, and presetting. 

Each of the obtained springs was subjected to a fatigue test under a load stress of 588 ± 
441 MPa to measure a fracture life. Further, each of a residual stress on the inner side of the 
spring, (R+), and a residual stress on the outer side of the spring, (R-), was measured according 
to an X-ray diffraction method to determine a residual stress difference, [(R+) - (R-)]. 
Furthermore, each of the tensile strength of the steel wire (after the drawing, and after the 
stress relief annealing treatment) was measured, and each of the surface roughness, Ry, was 
measured. These results are shown in Table 4 together with the stress relief annealing 
temperature. 



Table 4 



No. 


Kind 
of 

Steel 


D/d 


Tensile Streng 


-th (MPa) 


Temperature for 
Stress relief 
annealing 

CO 


(R.)-(R-) 
(MPa) 


Surface 
Roughness Ry 


Fatigue Life 
(x lO* cycles) 


After 
Drawing 


After Stress 

relief 

annealing 


16 


L 


6.81 


1942 


1960 


350 


954 


2.7 


1.8 


17 


L 


6.81 


1942 


1963 


380 


764 


3.6 


2.7 


18 


L 


6.81 


1942 


1949 


410 


253 


3.1 


8.7 


19 


M 


6.81 


1856 


1881 


410 


108 


2.4 


10.0 


20 


N 


6.81 


1832 


1854 


410 


333 


2.2 


7.9 



15 



As seen in these results, the springs having the residual stress difference of 500 MPa or 
less (Nos. 18 to 20) achieve excellent fatigue strengths. In contrast, the springs having the 
residual stress difference of greater than 500 MPa (Nos. 16 and 17) have significantly 
deteriorated fatigue strengths. 

Example 3 

Based on Steels (L to U) obtained in the same marmer as that in Example 2, springs 
having various spring indexes were formed, and subjected to stress relief annealing (350, 380, 
410°C X 20 minutes), seat position grinding, dual-stage shot peening, low temperature 
annealing (230°C x 20 minutes), and presetting. In these treatments, after the seat position 
grinding, the Steel N was subjected to a nitriding treatment under the following conditions: 
80% of NH3 + 20% of N2; 420''C x 2 hours, and then subjected to the dual-stage shot peening, 
the low temperature annealing (230**C x 20 minutes), and the presetting to prepare No. 26 in 
Table 5 as described later. 

Each of the obtained springs was subjected to a fatigue test in the same manner as that in 
Example 1 to measure a fracture life and a residual shear strain. Further, a residual stress on 
the inner side of the spring after the spring-forming process (before the shot peening treatment), 
(R+), a residual stress on the outer side of the spring after the spring-forming process (before 
the shot peening treatment), (R+), a residual stress on the inner side of the spring after the shot 
peening treatment, (Rs+), and a residual stress on the outer side of the spring after the shot 
peening treatment, (Rs-) were measured according to an X-ray diffraction method to determine 
respective residual stress differences, [(R+) - (R-)] and [(Rs+) - (Rs-)]. Furthermore, as with 
Example 2, the number of carbides and the tensile strength (after the drawing and after stress 
relief annealing treatment) of the drawn wires were measured, and also the surface roughness, 
Ry, was measured. These results are shown in Tables 5 and 6 together with the spring index 
and the stress relief annealing temperature. 
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Table 5 



No. 


Kind 
of 

Steel 


D/d 


Tensile Strength TS (MPa) 


Number of Carbides 
(particles/ 100 /tm^ 


After Drawing 


After Stress relief 
annealing 


21 


L 


6.81 




1 o^n 


1 


22 


L 


6.81 


1049 




2 


23 


L 


6.81 


1049 


1 0J.O 


2 


24 


M 


3.65 


1 9l^f\ 
LOD\3 


1 RRI 


5 


25 


N 


2.87 






4 


26 


N 


2.55 


1 R'^9 


1854 


0 


27 


O 


8.55 


1 on^ 


1970 


2 


28 


P 


7.02 


1011 


1945 


0 


29 


Q 


6.81 


1930 


1769 


5 


30 


R 


6.81 


1705 


1638 


0 


31 


S 


6.81 


Brea 


cage occurred during drawing. 


32 


T 


6.81 


1937 


1949 


5 


33 


U 


6.81 


1985 


2016 


4 



Table 6 



No. 


Kind 
of 

Steel 


Temperature 
for Stress 
relief 
annealing 
(•C) 


(R.)-(R-) 
(MPa) 


(R«)-(R»^) 

(MPa) 


Surface 

Roughness 

Ry 


Nitriding 


Residual 
Shear Strain 

(X lO-") 


Fatigue Life 
(X 10' cycles) 


21 


L 


350 


954 


531 


7.3 


NOT 


4.1 


0.8 


22 


L 


380 


764 


429 


8.1 


NOT 


3.7 


3.9 


23 


L 


410 


253 


131 


7.9 


NOT 


4.5 


8.7 


24 


M 


410 


108 


67 


6.7 


NOT 


4.0 


12.5 


25 


N 


410 


333 


265 


5.4 


NOT 


3.7 


9.8 


26 


N 


410 


401 


176 


6.2 


WITH 


2.9 


16.3 


27 


O 


410 


96 


45 


11.8 


NOT 


3.9 


7.0 


28 


P 


410 


179 


103 


5.5 


NOT 


3.9 


10.8 


29 


Q 


410 


233 


119 


7.6 


NOT 


12.0 


2.1 


30 


R 


410 


319 


164 


9.5 


NOT 


12.1 


0.9 


31 


S 


Breakage occurred during drawing. 


32 


T 


410 


427 


214 


6.9 


NOT 


4.1 


11.7 


33 


U 


410 


214 


93 


10.8 


NOT 


4.3 


13.5 



In view of these results, the following points can be found out. Firstly, each of Nos. 23 
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to 28, 32 and 33 meets the requirements of the present invention, and exhibits excellent fatigue 
strength and sag resistance. 

In contrast, each of Nos. 21, 22, 29 and 31 lacks at least any one of the requirenients of 
the present invention, and thereby has some poor properties. Specifically, Nos. 21 and 22 
have significantly deteriorated fatigue strength due to large differences between the respective 
residual stresses on the inner and outer sides of the spring (after the drawing and after the shot 
peening). 

No. 29 containing a large amount of C has high defect sensitivity. Further, a low 
content of Si causes difficulties in obtaining a sufficient strength after the stress relief 
annealing treatment, resulting in a short fatigue life and a poor sag resistance. 

No. 31 containing a low amount of C has deteriorated strength after the patenting 
treatment, and cannot obtain a sufficient strength, resulting in a short fatigue life and a poor 
sag resistance. 

In No. 32 containing a large amount of Cr, bainite formed during the patenting treatment 
causes breakage during the drawing. 

INDUSTRIAL APPLICABILITY 
The present invention constructed as above can provide a steel wire for allowing a 
hard-drawn spring to be produced therefrom with fatigue strength and sag resistance equal or 
superior to springs produced using an oil-tempered wire, and a hard-drawn spring produced 
using such a steel wire. 
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